ABSTRACT Effects of substituting cornstarch with D-xylose on growth performance, nutrients digestibility, serum metabolites, and expression of select hepatic genes involved in glucose and lipid metabolism were investigated in broiler chickens. A total of 360 one-day-old male Ross chicks were fed 3 diets (n = 24; 5 chicks/cage) for 21 days. A control corn-soybean meal-based diet with 25% cornstarch was formulated to meet specifications. Two additional diets were formulated by substituting cornstarch with 5 or 15% D-xylose w/w. Growth performance and digestibility by index method were determined in 12 replicate cages. Birds in these replicates had free access to feed and water, the BW and feed intake (FI) were monitored weekly and the excreta samples were collected on d 18 to 20. The other 12 replicates were used for blood and liver sampling by serial slaughter. On d 18, baseline (t0) birds were sampled following a 12 h overnight fasting and birds allowed 30 min access to the feed; samples were subsequently taken at 60, 120, 180, 240, and 300 min post feeding. Serum metabolites (glucose, xylose, and insulin) were assayed at all time points, whereas expression of hepatic transcripts was evaluated at zero, 180 and 300 min. Xylose linearly reduced (P < 0.05) FI, BWG, gross energy digestibility, and feed conversion ratio (FCR) but increased (P < 0.05) serum xylose level. Serum glucose and insulin levels were higher (P < 0.05) in the post-fed state compared with baseline, irrespective of treatments. There was an interaction (P < 0.05) between diet and sampling time on the expression of hepatic genes. At t0, xylose linearly increased (P < 0.05) the expression of pyruvate carboxylase, Acetyl Co-A acethyltransferase 2 (ACAT2), and glucose transporter 2. Xylose linearly reduced (P < 0.05) the expression of ACAT2 at 300 min post feeding. In conclusion, 5% or more xylose reduced growth performance and utilization of nutrients linked to hepatic enzymes and transcription factors involved in glucose and lipid metabolism.
INTRODUCTION
Xylose is a natural pentose sugar that is abundant in many feedstuffs and has been evaluated as a source of energy in different species (Longstaff et al., 1988; Schutte et al., 1991; Peng et al., 2004) . Monogastric animals cannot utilize this 5-carbon sugar (Miller and Lewis, 1932) . At higher dietary levels, D-xylose increases the plasma content of total reducing sugars and severely depletes liver and muscle glycogen Waibel, 1966, 1967; Peng et al., 2004) . Severely retarded growth and low feed conversion has been reported in chicks fed 20 to 40% dietary D-xylose Waibel, 1966, 1967) . Reduced feed intake, BWG and feed efficiency have been reported in chicks fed higher dietary D-xylose levels (Schutte et al., 1991 (Schutte et al., , 1992 . However, growth performances of chicks were not affected when birds were fed 50 g of D-xylose/kg of diet for 3 wk (Longstaff et al., 1988) . Dose dependent inhibition of growth and nutrient digestibility also has been reported in broilers fed 5, 10, 20, and 40% of D-xylose (Peng et al., 2004) . Similarly, reduction in growth performance has been observed in pigs fed 250 g/kg of diet (Agyekum et al., 2016) . Significant reduction in energy and N retention has also been reported in pigs fed 200 g D-xylose/kg of diet (Schutte et al., 1991) .
The liver plays a central role in sustaining metabolic homeostasis by maintaining a constant supply of energy to other tissues. It plays an essential role in the adaptive metabolic response during daily fasting-feeding cycles as well as long-term changes in nutrition (Zammit, 1996; Casteels and Mathieu, 2003) . Hepatocytes house many different metabolic pathways and employ dozens of enzymes that are alternatively turned on or 388 off depending on blood glucose levels. Studies have been conducted to examine the effects of different levels of D-xylose on growth performance and nutrient digestibility. However, limited studies have evaluated the metabolic implications of feeding xylose to poultry. This study was conducted to examine the effects of substituting starch with D-xylose on birds' performance, nutrients digestibility, serum metabolites, and expression of hepatic enzymes and transcription factors involved in lipids and glucose metabolism in broiler chickens.
MATERIALS AND METHODS
The experimental protocol was reviewed and approved by the Animal Care Committee of the University of Manitoba and animals were cared for according to the guidelines of the Canadian Council on Animal Care (CCAC, 2009).
Birds and Housing
Three-hundred-sixty one-day-old male broiler chicks (Ross 308) were obtained from a commercial hatchery (Carlton Hatchery, Grunthal, Manitoba, Canada). The chicks were individually weighed upon arrival and stratified by BW into 5 groups of 72 chicks each (Kiarie et al., 2015) . Seventy-two uniform groups of 5 chicks (one from each of the 5 groups) were formed. The chicks were then group-weighed and housed in a cage in an electrically heated Petersime battery brooder (Incubator Company, Gettysburg, OH). The brooder and room temperatures were set at 32 and 29
• C, respectively, during the first week. Thereafter, heat supply in the brooder was switched off and room temperature was maintained at 29
• C throughout the experiment. Light was provided for 24 h throughout the experiment.
Experimental Diets
Diets were formulated to meet or exceed the NRC (1994) nutrients specifications for broiler chickens (Table 1) . The control diet contained corn and soybean meal as the main ingredients with 25% inclusion of cornstarch. Two additional diets were formulated by substituting (w/w) cornstarch with D-xylose at 20% and 60% so that the levels of D-xylose in the diets were zero, 5, and 15%, respectively.
Experimental Procedures
The 3 diets were randomly allocated to 96 cages to give 24 replicates per diet for a 21-day experiment. Growth performance and nutrients retention were evaluated in 12 replicate cages whereas blood and hepatic measurements were evaluated in the remaining 12 replicate cages. This splitting was necessitated by the need to ensure that growth performance data were collected in cages with a constant number of birds. The splitting was accomplished in a randomized fashion such that the birds for all measurements were evenly distributed in the 3 batteries housing the 72 cages. The BW and feed consumption for each cage were determined weekly on d 7, 14, and 21 after withdrawing feed for 2 h (Kiarie et al., 2015) . Excreta were collected on d 18 to 20, then pooled and stored at −20
• C for subsequent analyses. Blood and liver samples were collected by serial slaughter of 6 birds per treatment as described by Davidson (1975) . Between d 15 and 18, birds were trained for 12 h fasting by turning off the light from 18:00 to 6:00 hrs (del Alamo et al., 2009 ). On d 18, the baseline birds (t0) were euthanized immediately after the 12 h of fasting. The remaining birds were allowed to access their respective feeders for 30 min; blood and liver samples were collected serially at 60, 120, 180, 240, and 300 min post feeding. At each sampling time point, 6 birds per treatment were randomly selected for blood and hepatic tissue samples. The selection of the birds was such that each replicate cage (within a battery) was sampled 2 times at distinct sampling time points. Blood samples were obtained via cardiac puncture. At each bleeding time, approximately 10 mL of blood was collected in serum tubes (Becton Dickinson & Co, Franklin Lakes, NJ), placed on ice, and transported to the laboratory for processing. Serum was isolated via centrifugation at 2,000 × g for 10 min at 5
• C and stored at −80
• C until required for analysis. Liver samples were immediately snap-frozen in liquid nitrogen and stored in −80
• C until RNA isolation.
Laboratory Analysis
Excreta samples were lyophilized and, along with diet samples, finely ground in a CBG5 Smart Grind coffee grinder (Applica Consumer Products, Inc., Shelton, CT) and thoroughly mixed before analyses. Dry matter was determined according to method 925.09 of the method of AOAC (1990) , N was determined using N analyzer (Model CNS-2000; LECO Corporation, St. Joseph, MI), and gross energy was determined using a Parr 1261 adiabatic bomb calorimeter. Samples for titanium analysis were ashed and digested according to the procedure described by Lomer et al. (2000) and read on a Varian Inductively Coupled Plasma Mass Spectrometer (Varian Inc, Palo Alto, CA).
Serum D-xylose content was analyzed using the method described by Eberts et al. (1979) . Briefly, 50 μL of serum was placed in 16 × 100 mm disposable test tubes and 5 mL of phloroglucinol color reagent was added. All tubes were heated exactly for 4 min at 100
• C, cooled to room temperature in water, and the contents were mixed. The spectrophotometer was set at 554 nm and adjusted to zero absorbance with a reagent blank containing 50 μL water and 5 mL phloroglucinol reagent before reading the standard solutions, and with a serum blank (50 μL of xylose free serum + 5 mL phloroglucinol reagent) before reading the absorbance at 554 nm. Finally, a standard curve was prepared to determine the concentration of the D-xylose from their respective optical density (OD) values using the trend equation. Insulin assay was performed following the manufacturer's procedures (MyBioSource, San Diego, CA). Coated wells were secured in a sample holder and 100 μL of standards or samples were added to the appropriate well in the antibody pre-coated Microtiter plate. One hundred μL of PBS (pH 7.0-7.2) was added to the blank control well. Fifty microliters of conjugate was added to each well, mixed, and incubated for one h at 37
• C. Incubation mixture was removed and the microtiter was washed 5 times using 1 X wash solution. The plate was inverted and completely dried by hitting the plate onto absorbent paper and 50 μL of substrate A and B were added to each well, subsequently. The plate was covered and incubated for 10 to 15 min at 37
• C in dark. The reaction was stopped by adding 50 μL of stop solution, and OD was determined at 450 nm using a microplate reader immediately. Finally, the concentration of insulin in the samples was determined by plotting the average OD for each standard on the vertical (Y) axis against the concentration on the horizontal (X) axis. Serum glucose concentrations were analyzed at a commercial laboratory (Veterinary Diagnostic Services, Winnipeg, MB, Canada) using an Ortho Diagnostics Vitros 250 Chemistry System (OrthoClinical Diagnostics Inc., Johnson & Johnson, Rochester, NY).
Total RNA was isolated from liver samples using TRIzol reagent (Invitrogen, Burlington, ON, Canada) according to the manufacturer's instruction. The isolated total RNA was reverse transcribed using a high capacity reverse transcription kit following the supplier's protocol (Thermo Fisher Scientific, Waltham, MA). The following hepatic genes were assessed: acetyl Co-A acethyltransferase 2 (ACAT2); glucose transporter 2 (GLUT2); fatty acid synthase (FAS); pyruvate carboxylase (PCX); phosphoenolpyruvate carboxykinase (PEPCK); and sterol regulatory element binding protein1 (SREBP1). Pairs of primers for each gene were designed using the National Center for Biotechnology Information. Quantitative real-time PCR (RT-PCR) was performed in duplicate reactions including nuclease free water, the forward and reverse primers of each gene, cDNA, and SYBR Green as a detector using the CFX Connect TM Real-Time PCR Detection System (Life Science Research, Bio-Rad, Mississauga, ON, Canada). The data were generated using ΔΔCt method by normalizing the expression of the target gene to a housekeeping gene, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and the values were reported as fold changes of the expression of the target genes in the experimental groups (5 and 15% xylose diets) compared with the control group (0% xylose). Primers used for RT-PCR assay are indicated in Table 2 .
Calculations and Statistical Analysis
Total tract digestibility values were calculated according to Kiarie et al. (2014) . Performance and digestibility data were subjected to one-way ANOVA of the GLM procedures of SAS Institute (SAS Inst., Inc., Cary, NC) with diet as a fixed factor. Data for the hepatic gene expression and serum metabolites were analyzed using Proc Mixed procedure of SAS as repeated measurements with fixed effects of diet, time, and diet x time interaction. When the F-value for the diet effect without or with time interaction was significant (P < 0.05), linear and quadratic effects of xylose inclusion was evaluated. Contrast coefficients from unequally spaced treatments were generated using the interactive matrix language procedure of SAS. An alpha level of P < 0.05 was used as the criterion for statistical significance.
RESULTS AND DISCUSSION

Effects of Replacing (w/w) Cornstarch with D-xylose on Performance and Digestibility
Feed intake, BWG, and FCR were linearly reduced (P < 0.01) by dietary D-xylose (Table 3 ). These data are consistent with previous results reported in chicken (Wagh and Waibel, 1966; Schutte et al., 1992) . These data are also consistent with the results from a broiler study in which a higher inclusion rate of xylose severely reduced feed intake, BWG, and feed utilization (Peng et al., 2004) . Reduced feed intake as the level of Dxylose increased had been demonstrated in a study (Kare and Medway, 1959) , in which an almost total rejection of water solutions containing this pentose sugar was observed. Apparent total tract digestibility of DM, energy, and N were linearly reduced (P < 0.05) by dietary D-xylose (Table 3) . These results are consistent with previous studies that showed dose dependent depression of nutrient digestibility in broilers fed graded levels of D-xylose (Peng et al., 2004) . Significant reduction in ileal and fecal DM, OM, GE, and N digestibility also has been reported in pigs fed 200 g D-xylose/kg of diet (Schutte et al., 1991) . Reduced energy digestibility might be attributed to decreased absorption capacity, or/and an increased urinary excretion. This phenomenon was observed in pigs in which urinary xylose level increased linearly as the dietary inclusion level increased (Arnal-Peyrot and Adrian, 1974) . In humans, 60 to 70% of xylose is absorbed and excreted via the kidney without being metabolized (Fordtran et al., 1962) . In a more recent study, in our laboratory we observed reduced growth in pigs fed 250 g xylose/kg of feed linked to reduced portal fluxes of glucose (Agyekum et al., 2016) . Reduced growth rates in birds fed higher dietary xylose level can also be attributed to the low absorbable capacity of this sugar in chicken intestine as shown in a xylose absorption test (Mansoori, 2010) . Observed xylose reduction on growth and nutrients utilization extends observations in humans and mice in which xylose is favored as a dietary supplement to reduce body weight and obese-related metabolic disorders (Lim et al., 2015) .
Effects of Replacing (w/w) Cornstarch with D-xylose on Serum Glucose, Insulin, and Xylose Levels
Sampling time and diet interaction or diet had no effect on the serum glucose levels ( Figure 1A) . The time effect (P < 0.01) was such that serum glucose concentration was lower in fasted birds compared to post-fed birds ( Figure 1A ). The highest serum glucose level was measured 60 min after re-feeding followed by 120 and 300 min after re-feeding, indicating the impact of a short-period re-feeding after fasting on serum glucose level. There was interaction (P < 0.05) between sampling time and diet on serum insulin concentration at t0, 120, and 180 min ( Figure 1B) . Xylose linearly increased serum insulin at t0 (P < 0.05) and 180 (P < 0.04) min post feeding. At the 120 min post-feeding point, the effect of xylose on serum insulin exhibited linear and quadratic effects (P < 0.05) with 5% xylose fed birds having the highest concentration compared to 15% xylose fed birds. Generally serum insulin concentration was low (P < 0.05) 30 min before refeeding, increased (P < 0.05) 60, 120, and 180 min after re-feeding, and decreased to fasting levels at 240 and 300 min after re-feeding ( Figure 1B) . Because insulin is a key anabolic hormone that is secreted in response to increased serum glucose and amino acids following ingestion of a meal, this concomitant increase of serum insulin with glucose level can be explained by the response of birds to increased serum glucose levels after re-feeding. Insulin regulates the metabolism of carbohydrates and fats by promoting the absorption of glucose from the blood to skeletal muscles and fat tissue and by causing fat to be stored rather than used for energy (Lu et al., 2007) . Xylose has been reported to reduce post-prandial glucose and insulin levels in humans, pigs, and mice (Bae et al., 2011; Lim et al., 2015; Agyekum et al., 2016) . Our observations that xylose did not reduce plasma glucose could be related to peculiar and tightly controlled avian regulatory mechanisms on circulating glucose (Scanes, 2009 ). Compared to mammals, birds maintain a high concentration of serum glucose even during prolonged starvation (Belo et al., 1976; Tinker et al., 1986 ). Blood glucose concentrations are maintained by highly efficient glycogenesis and gluconeogenesis pathways as well active gastrointestinal uptake of glucose and gluconeogenic precursors (Scanes, 2009 ). Time of sampling and diet interacted (P < 0.05) and influenced serum xylose concentration at all sampling time points except t0 and 300 min post feeding ( Figure 1C ). The effects of xylose at these time points was linear such that the concentration was highest in birds fed 15% followed by those fed 5% xylose 60, 120, 180, and 240 min after re-feeding compared with the control birds ( Figure 1C ). Similar results have been reported in another broiler study (Peng et al., 2004) in which birds fed 40% xylose had the highest serum xylose level followed by those fed 20% compared to the control birds.
Effects of Replacing (w/w) Cornstarch with D-xylose on the Expression of Hepatic Enzymes and Transcription Factors Involved in Glucose and Lipid Metabolism
The expression of phosphoenol pyruvate carboxykinase (PEPCK) was not affected (P > 0.05) by diet or interaction with sampling time (Figure 2A) . The time effect (P < 0.01) was such that the expression of PEPCK was lower (P < 0.05) at 300 min post feeding compared with t0 and 180 min post feeding. In poultry, hepatic gluconeogenesis functions to recycle lactate carbon (cori cycle) while the kidney is the major organ for gluconeogenesis from gluconeogenic precursors such as pyruvate and amino acids (Scanes, 2009) . Cytosolic PEPCK is a critical enzyme in gluconeogenesis and previous work showed it is expressed in greater quantity in the kidney cells than hepatocytes (Tinker et al., 1983) . In hindsight, perhaps we could have seen treatment differences if we had analyzed kidney samples as well. In fasted state (t0), the expression of pyruvate carboxylase (PCX) was linearly increased (P < 0.04) by xylose ( Figure 2B ). At 180 min, xylose increased expression of PCX in linear and quadratic fashions so that birds fed 15% xylose showed higher (P < 0.05) expression of PCX relative to the control. Hepatic gluconeogenesis from non-carbohydrate substrates such as pyruvate, lactate, and glycerol is central in glucose provision during fasting (Landau et al., 1996; Katz and Tayek, 1998; Cherrington, 1999; Nordlie et al., 1999) . Pyruvate carboxylase is an enzyme that catalyzes the ATP dependent carboxylation of pyruvate to produce oxaloacetate (OAA) in the gluconeogenic pathway (Jitrapakdee et al., 2002) . Phosphoenol pyruvate carboxykinase is a rate-limiting enzyme that catalyzes the first committed step in hepatic gluconeogenesis (Croniger et al., 2002) . It catalyzes the carboxylation and simultaneous phosphorylation of OAA produced via carboxylation of pyruvate. Hepatic gluconeogenesis is active in times of starvation, when the glycogen store is depleted, and higher dietary level of D-xylose depletes muscle and glycogen stores Waibel, 1967, 1966; Peng et al., 2004) . Therefore, increased expression of PCX in birds fed a higher D-xylose level (15%) is consistent with this notion. There was an interaction (P < 0.05) between xylose and sampling time on the expression of glucose transporter 2 (GLUT2) ( Figure 2C ). Xylose linearly (P < 0.04) increased the expression of GLUT2 at t0. Glucose transporter 2 is the principal transporter for transfer of glucose between liver and blood (Gould et al., 1991) . Collectively these observations as well as serum glucose confirm birds have tightly regulated plasma glucose, which is maintained by active gluconeogenesis. It follows that birds fed high levels of xylose will be in a catabolic state to supply gluconeogenic precursors.
Acetyl Co-A acethyltransferase 2 (ACAT2) participates in many metabolic pathways such as fatty acid metabolism; synthesis and degradation of ketone bodies; valine, leucine, and isoleucine degradation; lysine degradation; tryptophan metabolism; pyruvate metabolism; benzoate degradation via coa ligation; propanoate metabolism; and butanoate metabolism (Sengupta et al., 2010; Renaud et al., 2014) . In line with this, the expression of ACAT2 was linearly increased (P < 0.05) by xylose during fasted state ( Figure 2D ). The magnitude of ACAT2 up-regulation in birds fed xylose at t0 indicates increased gluconeogenic activities to maintain serum glucose concentration. Although the expression of ACAT2 at 300 min post feeding was substantially lower (P < 0.01) relative to the fasted state, xylose linearly reduced (P < 0.05) the expression of ACAT2 at this time point ( Figure 2D ). Hepatic ACAT2 also has been implicated in the role of synthesis of cholesterol as documented in ACAT2 deficient mice (Parini et al., 2009 ). Thus, the data might suggest xylose supplementation can potentially reduce cholesterol biosynthesis in the body (Lim et al., 2015) . Sterol regulatory element-binding proteins 1 (SREBP1) are adipogenic transcription factors that play a role in controlling genes involved in the synthesis of cholesterol and fatty acids metabolism and are highly expressed in adipose, liver, adrenal gland, and brain tissues (Horton et al., 2003; Musso et al., 2009) . It enhances the levels of lipogenic genes including fatty acids synthase (FAS), an enzyme that stimulates the de novo synthesis of fatty acids and catalyzes the synthesis of saturated free fatty acids from acetyl-CoA and malonyl-CoA and Figure 2 . Effect of replacing (w/w) cornstarch with D-xylose on the expression of hepatic (PEPCK, phosphoenolpyruvate carboxykinase, A; PCX, pyruvate carboxylase, B; GLUT2, glucose transporter 2, C; ACAT2, acethyl Co-A acethyltransferase 2, D; SREBP1, sterol regulatory element binding protein 1, E; and FAS, fatty acid synthase at time 0 (t0), 180 min, and 300 min after re-feeding. Time 0 corresponds to a time point following 12 h overnight fasting; thereafter, birds were allowed access to feed for 30 min feeding and liver samples were collected 180 and 300 min after re-feeding. plays a role in regulating body weight and dietary intake (Bae et al., 2011; Lim et al., 2015) . There was no effect of diet or diet and time of sampling interaction (P > 0.05) on the expression of SREBP1 and FAS. However, a time effect (P < 0.01) was such that the expression of these 2 genes was highest at t0 and lowest post feeding. These observations are consistent with the fact that alterations in nutritional status regulate the concentration of SREBP in the liver (Horton et al., 2003) . For example, in previously starved chicks, feeding a high-carbohydrate, low-fat diet stimulated a robust increase (14-fold at 5 h of feeding) in the concentration of mature SREBP-1 in the liver (Zhang and Hillgartner, 2004) . Our results are contrary to applications in humans and rodents in which D-xylose is used to suppress adipogenesis and lipid metabolism (Bae et al., 2011) . For example, feeding mice 50 to 100 g xylose per kg reduced body weight gain, adipose tissue weight, and blood glucose levels and hepatic lipid accumulation linked to decreased hepatic expression of SREBP and FAS (Lim et al., 2015) .
In cereal grains and co-products, hemicellulose constitutes the largest proportion of the dietary fiber (Bach Knudsen, 1997) . Xylose is the most abundant mono sugar in the cereal hemicellulose fraction with concentration of 3.0% in corn, 4.7% in wheat, 6.7 to 10% in corn distillers dried grains with solubles, and 14.8% in wheat bran (Bach knudsen, 1997; Pedersen et al., 2014) . Xylose is highly unavailable in practical poultry feedstuffs as it is bound by indigestible cell wall complexes; however, advances in processing and enzyme technology suggests it could be made available (Kumar and Wyman, 2009; Mathew et al., 2016) . It is therefore imperative to document the amount of xylose that could elicit adverse effects in modern poultry fed practical diets. This study demonstrated that more than 5% D-xylose can depress growth performance and nutrients utilization linked to hepatic enzymes and transcription factors that are involved in glucose and lipid metabolism in broiler chicks.
